Abstract. Silicon films, typically 1 pm thick are deposited by low pressure chemical vapor deposition using pure silane at 550°C and 3 deposition rates : 13, 23 and 45 h. Using numerous physical, optical and electrical characterization techniques, we show an evident amorphous character of these as-deposited ftlms. Films deposited at high rate correspond more likely to the relaxed amorphous network The quality of the polysllicon produced by annealing these high deposition rate Nms at 600°C is largely enhanced The crystallization time, dehed from the in-situ conductivity measuements at 600°C, is about 4 h for the high deposition rate amorphous film. Such time is very attractive in the attempt to obtain simultaneously cc acceptable n crystallization time and high quality polysilicon. This assertion is emphasized if we consider the total time t of the process (deposition time and crystallization time).
INTRODUCTION
Since the end of the go's, polycristalline silicon (polysilicon) is extensively studied for the application in active matrix liquid crystal displays [I] . On the other hand, polysilicon may be attractive as a material in the photovoltaic conversion of the solar energy. These major applications both need a low temperature glass substrate ( I 600°C) and high quality polysilicon. This last requirement is not evident, particularly in solar cells applications where 20 to 30 pm thick films are needed. Good quality polysilicon films can be obtained by the deposition of amorphous silicon and subsequent crystallization [Z]. The purpose of this process is to suppress the spontaneous crystallization and to control the number of nuclei. It is realized by reduction of the deposition and annealing temperatures in plasma enhanced chemical vapor deposition (PECVD) technique [3] , low pressure chemical vapor deposition (L.PCVD) technique using silane [4, 5] and others high silanes, Sifi particularly [6] . The too long crystallization time of these amorphous deposited films constitutes however a drawback for practical use. Attempts were given to increase the crystallization time by deposition of crystallized mixed-phase films [7] or double layer (doped and undoped) film [g] . The present study checks the possibiity to obtain simultaneously acceptable crystallization time and high quality polysiiicon using the known LPCVD with silane technique. This is may be done by a control of the quality of the amorphous film and then the nucleation time. Indeed, amorphous material terminology is commonly used for a wide range of Werent microstmctural disordred materials. The microstructure of the amorphous starting material depends on the deposition technique : PECVD [9] , Thermal CVD ( LPCVD or atmospheric pressure CVD [l01 ), radio frequency (RF) or direct current (DC) sputtering [l 1-13] and on the deposition parameters [14, 1 S] . This great number of diierent amorphous materials leads to a wide range of crystallization modes and consequently of polycristalline silicon
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:19955108 materials. For example, it was shown that the nucleation process is different in LPCVD and APCVD amorphous deposited silicon [16] . The main purpose of this contribution is to investigate the amorphous silicon film deposited by LPCVD using pure silane at 550°C and its crystallization at 600°C as a function of the deposition rate or pressure. The characterization techniques used conductance-annealing time at constant temperature, conductancetemperature, optical transmission in visible and near infrared range (NIR) and eilypsometry in ultraviolet and visible ranges (W-VIS) and X ray difiaction using a long count time ( many hours) for each line.
EXPERIMENTAL DETAILS
Silicon films, typically 1 pm thick, are deposited in a conventional horizontal hot-wall LPCVD reactor using pure silane as source gas. The substrates used were 5 X 5 cm2 Corning 7059 glass platets. The deposition conditions were fixed at a silane flow rate of 50 standard cubic centimeters sccm, a temperature of 550°C, and pressures of 10,30 and 100 Pa. The depositon rates under these conditions were 13,23 and 45 &min respectively. We obtain, hence, 3 types of films, called T10, T30 and TlOO respectively. Starting from these deposited films, different samples are annealed at 600°C under a vacuum better than 3 . 1~~ Pa for 1, 2, 3, 6, 12 and 24 h. The samples are labelled type of film -annealing time ( e.g. T10-1, T 10-2, . . .). The as-deposited films are numbered T 10-0, T30-0 and T 100-0. The thicknesses are determined by Talystep measurements and confirmed by optical transmission and ellipsometry techniques. These two last techniques, X-ray diffraction and conductance measurements are used to characterize the different samples. Before these characterizations, the solid-phase crystallisation of the as-deposited samples during isothermal annealing at 600°C under vacuum was studied by in-situ monitoring the film conductance. To this purpose, platinum coplanar electrodes are electron beam evaporated. For conductance measurements between 120 and 620K, aluminium coplanar electrodes ( length 1.6 cm, separation 1.2 cm) were evaporated. The films were placed on a copper block under vacuum of 10" Tom. The temperature was varied using a direct heating andor a contact with liquid nitrogen. It was controlled by means of a platinum resistor fixed close near the sample. Before any measurements, the films were annealed at a residual pressure of 0.1 mPa and temperature of 620K. The purpose of this annealing is an outgassing of the film. The optical transmission was measured with a double grating spectrophotometer (CARY 5) between 0.35 and 2.5 pm. Using the usual procedure [l71 the film thickness, the refractive index and the absorption coefficient were deduced. The W-VIS spectroscopic ellipsometry ( UVISEL ISA-Jobin Yvon) measurements were performed in the 1.7-5 eV energy range. Ellipsometry allows to obtain in a semi-infinite medium model, the pseudodielectric finction *> = *I> + i <Ez> . The morphology ( density and surface roughness) and structure (amorphous, cristalline, mixed phase) of the films were characterized by the evolution of <E2> and computed through the use of the Bruggeman effective medium approximation (BEMA). When using X-ray diffraction to characterize the structure of the material, the major works on polycristalline silicon determine the crystal size from the fidl width at half maxima (FWHM) of the Iies utilizing the known Schemer formula. Using hypothesis on the line shapes and data treatments of the different order lines, more informations may be deduced however from X-ray difiaction patterns [18] . Line shapes and line broadening are, as known, influenced by the dimensions of the coherently diffracting domains (crystallite-size effects) but also by the microstructural features as the variation in interatomic distances due to internal stresses, micro-twining, dislocations and other forms of atomic disorder. In this work X-ray diffraction data were collected with a Siemens D500 high resolution powder diffractorneter using monochromatic CuKaI X-ray ( h = 1.540598 A ) obtained with an incident-beam germanium monochromator. The characteristics of this arrangement and its instrument resolution function have been described by Loiier and Langford [19] . Table I summarises the scanning conditions used to obtain the diffraction patterns.
After correcting for instrumental effects, all line integral-breadth values P on the diffraction angle (28)
scale are converted to reciprocal units by using the relationship:
p COS e 8; =i where h is the wavelength.
In order to analyse the microstructure, we must examine the line breadths using the Williamson-Hall plot 2 sin 0 [20] 
RESULTS

Conductivity vs annealing time behavior
The conductivity-annealing time at 600°C behavior of the 3 types of film is shown in Figure I . It is normalized to the saturation value.
ANNEALING TIME (h) Such behavior was previously obtained by Bisario et al. [21] . At begining, the conductivity slightly increases or is nearly constant. This corresponds to the nucleation process which takes place at the substrate-film interface. The conductivity then abruptly increases and saturates. The high increase was attributed [21] to the crystalline growth perpendicularly to the interface. Taking into account this explanation, we can see in Fig. l an increase of the nucleation time f defined as the time before the conductivity rises, with the deposition rate. The conductivity saturates after an annealing of 2 h for T10 type films and 4 h for T l 00 one. Thus the T I0 films crystallize more quickly.
Conductivity vs temperature characteristic at different annealing times
The conductivity of T10 type film as a fbnction of the temperature in Arrhenius plots is presented in Fig.  2 .A. The conductivity of T10-0 and T10-1 films slowly decreases at low temperatures. The logarithm of the conductivity of these films is proportionnal to T-''~ for these low temperatures as shown in Fig. 2 .B. This temperature dependence can be interpreted in terms of a variable range hopping conduction mechanism [22] . Figure 2 .B shows that the hopping conduction takes place at lower temperature in T 10-1 film than in T 10-0 one. This shift is an indication of a microstructural variation. The hopping conductivity can be fitted by the relation :
The density of states at Fermi level N(EF) is then given by :
1 a 3 N(EF) = where a is the exponential decay rate of the localized states. kT0 Table 111 : Activation enerm E, of the conductivitv N(EF) (cme3 e~' ) v .
unannealed film types calculated using a = 5 A- ' in high temperature range Table I1 shows that N@F) decreases when the deposition rate increases; this indicates a trend to a decrease of the dangling bonds content. At high temperatures, all curves are thermally activated with an energy decreasing when the annealing time increases. Activation energy E, for as-deposited films is shown in Table 111 . The increase of Ea with deposition rate indicates a trend to a stable amorphous structure as usually defined [23] . More important is the high value of E, obtained for T100-0 film and characteristic of a relaxed amorphous silicon network. T10-2 is lightly curved at low temperatures, T10-6 and T10-12 curves are however linear in the whole temperature range ( 200 to 570 K). This last behavior indicates a very negligible contribution of an hopping conduction even at low temperatures. From this point of view, T10-6 and T10-12 may be then considered as fblly cristallized. T 10-0 2. 1019
Optical Transmission
The absorption coefficient a of TlOO type film as a fknction of photon energy at different annealing times is shown in Fig.3A . A sudden decrease of a is observed in the strong absorption regime when the annealing time exceeds 2h. In this regime, a Tauc plot (Fig.3B) shows a gap of 1.55 eV for T100-0. The same absorption behavior is observed in the other types of films. The absorption coefficient a for unannealed films increases, however, with the deposition rate. These behaviors are typical of amorphous-polycrystalline phase transition [24] . Moreover the unannealed films show an optical absorption characteristic of an amorphous silicon: a at 2 eV greater than 104 cm-' and a Tauc gap value around 1.55 eV. The determination of an exact value for the Tauc gap is known to be difficult specially when the valence and conduction band tails extend deeply in the gap. An estimation of the Urbach tail in our unannealed samples gives a high value around 120 meV. Hence we define the gap E5.4 as the photon energy at a=5. 104 cm-', which corresponds more likely to the distance between the valence and conduction bands than the Tauc gap. Gaps E5.4 of our different films are reported in Table IV We observe an upward trend toward the crystalline silicon gap. The final values are very close to the c-Si one and closer as the depostion rate increases. The gap of TlOO films decreases before rising towards the c-Si one. This decrease may be due to an exodiffusion of hydrogen from the TlOO film. This means that some hydrogen may be present in unannealed TlOO film. Such hypothesis is not surprising. Hence exodiffision of hydrogen from silicon occurs generally around 600°C and even at higher temperatures depending on the microstructure of the material [26] . Moreover infrared transmission measurements on T10-0, T30-0 and T100-0 show the presence of very weak absorption around 2000-2100 cm-' in T30-0 and T100-0 spectra. This absorption is characteristic of Si-H bonds. The very weak absorption does not allow us to estimate an hydrogen content. Qualitatively, we can see however a higher absorption from T100-0 than T30-0. On the other hand, we have seen a decreased density of states at Fermi level when the deposition rate increases. All these observations and remarks are consistent with the presence of hydrogen in our unannealed films. The hydrogen content higher in T100-0 than in T30-0 and not detectable in T10-0 may explain the different cristallization times observed. With exodifision of hydrogen, more dangling bonds are created. According to Germain et al. [27] , dangling bonds must be involved in the crystal growth mechanism. Hence, from this point of view, crystallization appears to be a consequence of bond breaking. The ~2 behavior of as-deposited T10-0, T30-0 and T100-0 films (A) is characteristic of amorphous structure with only one maximum at 3.55 eV. The spectra of crystallized T10-12, T30-12, T100-l2 fiims (B) present two maxima at 3.4 and 4.2 eV characteristic of crystalline silicon. Using BEMA analysis, crystallized films can be described by two layers, the thicker one consisting of a mixed structure (crystalline Si, amorphous Si and voids), and a thin surface layer consisting of native oxide SiOz. Table V summarizes Furthermore, the intercepts PE, are the same and nearly zero for all samples. Hence, no measurable size effect is observed. The crystallite size is greater than the detection limit of X-ray difiaction (-2000 A) .
Ellipsometry analysis
Wiliamson -Hall plots are reported in figure 5 .B for fully crystallized films T10-24, T30-24 and T100-24.
The same trends as before are observed. It seems that microstrain effects are the same whatever the deposition pressure is. The size effect is again negligible. A trend to a decrease of the intercept piu induced by an increase of the crystallite size, from T10 to TlOO types of film, is however detectable. 
DISCUSSION AND CONCLUSION
Our work shows that the silicon films, deposited by LPCVD at 550°C and with a pressure greater than 10 Pa using pure silane, are amorphous. The numerous characterization techniques used give evidence of the amorphous character of these as-deposited films. Hence, we can assert that spontaneous crystallization does not occur during the deposition. The nucleation time is however different from one type of films to another, due to the amorphous microstructure. Films deposited at high rate correspond more likely to the relaxed amorphous network. The quality of the polysilicon produced by annealing these high deposition rate films at 600°C is largely enhanced. Particularly it is densely packed ( negligible voids content) with a very low degree of amorphization. Its absorption is very close to that of crystalline silicon c-Si (Fig. 3) . The photon energies for an absorption coefficient of 5 lo4 cm-' are respectively 2.88 and 3 eV for the high deposition rate film and for c-Si. Comparatively this energy is 2.6 eV for polysilicon, deposited amorphous by PECVD and crystallized [3] . The crystallization time, defined flom the in-situ conductivity measurements at 600°C, is about 4 h for the high deposition rate amorphous film. Such a short time is very attractive in the attempt to obtain simultaneously acceptable crystallization time and high quality polysilicon. This assertion is emphasized if we consider the total time t of the process : deposition time td and crystallization time t, (Table VI). The process time for the best quality polysilicon (T100) is then half of the T10 one. In conclusion, using the standard deposition and annealing conditions fTd = 550°C and T, = 600°C) in conventional LPCVD, we obtained a high quality polysilicon compatible with a low process time. In this way, further attempts to improve polysilicon quality by a decrease of the process temperature may be of reduced interest.
We have shown, however, that microstrains exist inside coherently diiacting domains. Further improvements may consist of an additional annealing (such as rapid thermal annealing) compatible with the need of low substrate temperature.
